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STUDY OF THE INTERACTIONS BETWEEN THE DIFFERENT 
WIND COMPONENTS IN THE UPPER  ATMOSPHERE^ 

2 A. Spizzichino 

ABSTRACT- It has been generally accepted u n t i l  now t h a t  
wind$ i n  t h e  mesosphere and lower thermosphere r e su l t  from 
t h e  superposition of components - prevailing wind, t i d e s  
gravi ty  waves - which do not interact .  

confirm t h e  existence of these components, but suggest t ha t  
they a re  strongly interacting. A theore t ica l  study of non- 
l i n e a r  effects confirms t h e  importance of these interact ions;  
it shows i n  pa r t i cu la r  t h a t  t h e  diurnal t i d e  y ie lds  energy t o  
gravi ty  waves propagating through t h e  mesosphere: 
mechanism provides an explanation f o r  many observed propert ies  
of t i d e s  and gravi ty  waves, This theory of non-linear effects 
can be applied t o  o the r  phenomena occuring i n  t h e  higher 
atmosphere. 

The m e t e o r  t r a i l s  observations made i n  Garchy c l ea r ly  

such a 

Introduction 

The knowledge of motion i n  t h e  upper atmosphere (i.e. above t h i r t y  ki lo-  - / 2  
meters) is essential i n  order t o  understand the  system of physicochemical pheno- 

mena of which it is  t h e  seat. As a matter of fact, w e  s t i l l  have avai lable  only 

very incomplete data  concerning t h i s  motion - t h e  winds -which are based prac- 

t i c a l l y  e n t i r e l y  on t h e  observations car r ied  ou t  during t h e  last  f i f t e e n  years. 

These involve t h e  detection of meteor t r a i l s  and i r r e g u l a r i t i e s  of ionization 

which have, allowed systematic measurements of winds between 80 and 110 km i n  

a l t i t ude ,  

between 30 and 60 km (aerological rockets) and between 90 and 160 km (e jec t ion  

of luminescent clouds). 

Experiments making use of rockets have supplied some wind p ro f i l e s  

- - 

a 
P a  Only par t  I of t h i s  study appears i n  t h i s  i s sue  of t h e  Annales de 

Geophysique. Pa r t s  I1 and I11 w i l l  appear i n  Volume 259 No. 4, 1969. Pa r t s  
H and V w i l l  appear i n  19700 

2, Engineer at t h e  National Telecomunicat ions Research Center. (CNET) 
De@. RSR, 92-Issy-les-Moulineaux. 

*Numbers i n  the margin ind ica te  pagination i n  t h e  foreign text. 
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A method f o r  analyzing upper atmosphere winds w a s  slowly developed from 

these measurements. These winds r e s u l t  from the  superposition of a permanent 

motion called the  dominant wind and osc i l l a to ry  motions: t he  diurnal t i d e ,  with 

a 24 hour period, t he  semidiurnal t i de ,  with a 12 hour period, and gravi ty  waves 

which have a shorter  period (several  hours) . 3 

I\wo s o r t s  of reasons led t o  t h i s  analysis  of winds using four  components. 

Some reasons w e r e  experimental i n  or igin.  

wind, semidiurnal t i d e )  appear c l ea r ly  i n  the  winds observed and it w a s  possible 

t o  ascer ta in  the  permanency of t h e i r  propert ies  i n  t h e  passage of t i m e  (from one 

year to another) and i n  space (from one posit ion t o  another). 

Some of these components (prevail ing 

O t l i e r  reasons w e r e  theore t ica l  i n  origin. It can be shown t h a t  low ampli- 

tude motions can be depicted by l i n e a r  equations whose solut ion is produced by 

superposing a constant wind and wavy motions. These d i f fe ren t  components should 

be independent f r o m  each other ,  i.e., each one of them should be propagated as 

i f  t he  o thers  did not exis t .  This last  property shows t h a t  t he  separation of 

winds i n t o  components is not j u s t  a convenient way of c lass i fy ing  experimental 

observations. It a l l o w s ,  on t h e  contrary, t h e  separation of d i s t i n c t  physical 

phenomena 

This breadown of t h e  winds i n t o  independent components is the bas i s  f o r  

t h e  quas i - to ta l i ty  of s tud ies  so fa r  published. This is, t o  a great  extent,  

t h e  reason why it w i l l  be addressed i n  t h e  present work. 

For t h i s  reason, w e  sha l l  first of a l l  examine some experimental r e su l t s ,  

more par t icu lar ly  those recent ly  obtained using t h e  meteor radar  i n s t a l l ed  by 

t h e  @NET at Garchy. The observations made previous t o  those made a t  Garchy 

did not allow d i r ec t  observation of t h e  propagation of gravi ty  waves and t h e  

4 

3.  The term wind has been used by us t o  designate t h e  system of ‘motions 
with a scale greater than one kilometer. This, therefore,  excludes t h e  s m a l l -  
scale turbulence which w i l l  no t  be discussed here. 
of t h e  wind (annual, o r  even with a several-day period) are included 
prevail ing wind, 

A l l  t he  s l i g h t  var ia t ions  
i n  t h e  

4. The observations made a t  Garchy enjoyed t h e  financial support of t h e  
National C e n t e r  for Space Studies  (CNES) and t h e  AISC, 
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very i r regular  diurnal t i d e  appeared t o  refuse t o  obey any l a w .  The measure- 

ments made a t  Garchy c l ea r ly  confirmed the  existence of gravi ty  waves [Revah, 

19691 and w e  sha l l  see t h a t  t h e  i r regular  s t ruc ture  of t h e  diurnal t i d e  can be 

explained by the  presence of several  o sc i l l a t ions  of neighboring periods. The 

analysis  of winds in to  wavy components therefore  appears t o  be jus t i f ied .  

Since t h i s  t i m e ,  t h e  results produced a t  Garchy allowed specif icat ion of 

several propert ies  of t i d e s  and gravi ty  waves. These propert ies  suggest t ha t ,  

although t h e  separation of winds in to  components is va l id  as a first approxi- 

mation, these components are f a r  from being independent and taking place between 

them should be large energy exchanges, chief ly  above 70 km i n  a l t i t ude ,  

In order t o  study these phenomena i n  more d e t a i l ,  w e  w e r e  obliged to develop 

a theory of interact ionabetween atmospheric waves. 

pa r t i cu la r ly  t h a t  t h e  diurnal t i d e  y ie lds  a great par t  of its energy t o  gravi ty  

waves above 70 k m  i n  a l t i tude .  

expense of an energy coming from t h e  so l a r  heating of t h e  atmosphere. W e  s h a l l  

see t h a t  t h i s  phenomenon allows explanation of most of t h e  cha rac t e r i s t i c s  of 

t h e  gravi ty  waves observed a t  Garchy, 

This theory shows more 

These waves are amplified i n  t h i s  way at  t h e  

Although a great  par t  of t h i s  work is  devoted t o  t h i s  interact ion between 

diurnal t i d e  and gravi ty  wavess i ts  scope is  more general,, 

Thus, a l l  t he  s tud ies  thus f a r  car r ied  out on gravi ty  waves and t i d e s  are 

based on oversimplified diagrams whose revision is advisable, 

f o r  example, t h a t  a short-period wave (gravity wave) can only receive i ts  energy 

from a short-period source - which more of ten than not should be located a t  a 

It is assumed, 

very Pow a l t i t u d e  - and t h a t  it subsequently can only be propagated t o  a height 

at which it is e i t h e r  diss ipated OF reflected.  The special  example of t h e  in te r -  

act ions between t i d e s  and gravi ty  waves shows tha t  a wave can receive energy 

from a source with a di f fe ren t  period, o r o  on t h e  contrary, y ie ld  energy and 

progressively fade away. 
PP 

The existence of such in te rac t ions  above 70 km i n  a l t i t u d e  is not l imited 

to t he  diurnal t i d e  and t o  gravi ty  wavesp It concerns a l l  components of t he  

wind. We sha l l  see, for example, t h a t  interactions between t i d e s  car; give rise 

s~multaneous~y to a prevailing wind, hamonics, d i f f e ren t  modes of o sc i l l a t ion ,  

3 
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a l l  of which can perceptibly modify t h e  morphology of t he  very high a l t i t u d e  

atmospheric winds. Furthermore, these  energy exchanges can lead t o  the  formation /3 
of o s c i l l a t i o n s  with shor te r  and shor te r  wavelengths s t a r t i ng  off  t he  turbulent 

degeneration of t h e  winds. 

- 

W e  sha l l  begin t h i s  study by an examination of t he  propert ies  of t i d e s  and 

gravi ty  waves which have been observed experimentally, more par t icu lar ly  using 

the  Garchy meteor radar, W e  sha l l  provide a short  explanation, from an i n t u i t i v e  

viewpoint, why these propert ies  suggest t he  existence of powerful in te rac t ions  

between t h e  d i f fe ren t  wind components (Part I). 

Part  IC1 w i l l  be devoted t o  a short  summary of t h e  theory of atmospheric 

In  t h i s  pa r t ,  w e  have attempted t o  simultaneously cover t i d e s  and waves. 

gravi ty  waves i n  a report  much more synthetic i n  nature than those previously 

published. 

study of in te rac t ions  between atmospheric waves covered i n  Part  111. 

W e  sha l l  i n  t h i s  way be b e t t e r  prepared t o  deal with t h e  theore t ica l  

In Par t  IV w e  sha l l  apply t h e  r e s u l t s  of t h i s  study t o  the  in te rac t ions  be- 

tween gravi ty  waves and t h e  diurnal t i d e  i n  t h e  lower thermosphere. 

c lusions arrived at w i l l  be compared with t h e  experimental r e s u l t s  provided i n  

Part  11. 

The con- 

Finally,  par? V w i l l  be devoted t o  a quick l i s t i n g  of t he  o the r  possible 

appl icat ions 0f t h e  theory of non-linear interactions between atmospheric 

waves ,, 
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EXPERIMENTAL STUDY OF WINDS 
IN THE UPPER ATMOSPHERE 

A. Spizzichino 

Part  I 

ABSTRACT. The experimental r e s u l t s  obtained a t  Garchy from 
meteor observation are examined, and compared with o ther  
experiments. The semi-diurnal t i d e  i s  found t o  be a ra ther  
regular o sc i l l a t ion ,  with propert ies  nearly similar t o  those 

of t he  S2 theore t ica l  mode. 

t i d e  i s  very i r regular ;  its phase var ia t ions are so important, 
t h a t  its instantaneous frequency var ies  between 17 and 35 hr. 
(many d i f f i c u l t i e s  of experimentalists can so be explained) . 
Some i n t u i t i v e  comments suggest t h a t  t h e  differences between 
t h e  propert ies  of t h e  two t i d e s  possibly r e s u l t  from inter-  
act ions between the  t i d e s  and t h e  other  components of t h e  
wind. 
for t h e  observation, at Garchy, of gravi ty  waves having the  
same vertical wavelength as the  diurnal t ide.  

2 On t h e  contrary, the  diurnal 

Such in te rac t ions  can also provide an explanation 

I, Introduction 

This par t  w i l l  be devoted t o  an examination of what w e  have learned ex- - / 5  
perimentally concerning winds i n  t h e  upper atmosphere. This study w i l l  involve 

t h e  system of winds between 30 and 150 km i n  a l t i t ude ,  Furthermore, w e  sha l l  

be more par t icu lar ly  in te res ted  i n  t h e  region included between 80 and 110 lan, 

i n  which measurements w e r e  made more of ten and where w e  have avai lable  unpublished 

da ta  supplied by t h e  m e t e o r  radar of t he  CNET at  Garchy, ' 

1 The meteor radar i n s t a l l ed  i n  France a t  Garchy (4a0N, 3OE) is b i s t a t i c ,  
5 

It2 de ta i led  descr ipt ion can be found i n  several  previous 

operates a t  29.9 MHz and, i n  its present form , only measures t h e  east-west 

wind component. 

5. A second meteor radar  presently being in s t a l l ed  w i l l  provide t h e  north- 
south wind component beginning f r o m  19?0; 

5 '  



publications [Spizzichino e t  al., 1965; Revah, 19691. 

The advantages of t h i s  radar  i n  r e l a t ion  t o  previous designs are chief ly:  

its sens i t iv i ty ,  allowing detection of a grea t  number of m e t e o r  echos 
6 (tipproximately 1,500 da i ly)  which should, i n  pr inciple  , provide j u s t  as many 

wind measurements, 

6 i ts  precision: t h e  a l t i t u d e  of each echo is, i n  pr inc ip le  , defined t o  

approximately f 0.5 km. 

Wing t o  both these advantages, t h e  Garchy radar allowed t h e  complete 

reconstruction, of t h e  p ro f i l e  of winds around 90 km i n  a l t i tude .  

t h i s  can be seen with Figure 1 which'provides t h e  p ro f i l e  of winds produced 

during a recording run l a s t ing  48 hours (13 - 15 September 1966). 

A n  example of 

W e  sha l l  use i n  t h i s  chapter t h e  r e s u l t s , o f  t e n  observation runs of t h e  

Garchy meteor radar, made over a one-year period (September 1965 - September 

1966). 

t h e i r  exact dates  are provided as an annex, 

Each one of these runs l a s t ed  from 48 t o  72 hours without interruption: 

W e  sha l l  compare these r e s u l t s  with those obtained by o ther  experimenters 

and w i l l  t r y  to  avoid reducing t h i s  chapter t o  a catalog of t h e  cha rac t e r i s t i c s  

of winds observed a t  Garchy. W e  s h a l l  ra ther  attempt t o  present a synthesis of 

these new data  and previous workse 

W e  sha l l  not attempt t o  undertake an exhaustive study of a l l  propert ies  of 

t he  windsc In r e a l i t y :  

(1) W e  sha l l  l i m i t  ourselves t o  study of t h e  var iable  components of the  

wind (i.e. excluding t h e  prevail ing wind). The semidiurnal t i d e  w i l l  be studied 

In paragraph 3 9  t h e  diurnal t i d e  i n  paragraph 4. The gravi ty  waves discussed i n  

d e t a i l  i n  CRevah, 19691 w i l l  fsnn t h e  subject of a b r i e f e r  examination i n  para- 

graph 50 

( 2 )  W e  sha l l  p)ot consider t h e  establishment of a catalog of propert ies  

60 Since t h e  observations described below w e r e  car r ied  out during a period 
o f  development, precision in a l t i t u d e  w a s o  on the  average, only f km, and only 
410 t o  50% sf t h e  19500 echoes received supplied a wind m e a s u r e m e n t ,  



Zonal wind 
Garchy 13 - 15 Sept. 1966 

F i g y e  1. Example of  wind prof i les  provided by 
the Garchy radar 

The variations of the wind are provided 
as a function of the local  t i m e  and 
a l t i tude  for the observation Pun from 
13 to 15 September 1966.‘ 
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Figure 1, (cont.) Zonal wind 
'Garchy 13 - 15 Sept. 1966 
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Figure Po Example of wind prof i les  provided by 
the Garchy radar 

The variations of the wind are provided 
as a function of  the local  t i m e  and 
a l t i tude  f o r  the observation run from 
13 to 15 September 1966. 



of winds as an end i n  i tself .  W e  sha l l  chief ly  be concerned with cer ta in  of 

these propert ies  which, compared with theory, appear as anomalies impossible 

t o  explain. 

in te rac t ions  between t h e  d i f fe ren t  waves making up t h e  winds. 

first of a l l  i n  an i n t u i t i v e  manner i n  paragraph 6 of t h e  present chapter. 

demonstration w i l l  then be taken up again more i n  d e t a i l  i n  t h e  following chapters, 

Their explanation w i l l  only be able  t o  be found i n  t h e  non-linear 

W e  sha l l  show it 

The 

5 4  3 2 
n t m  # 

Beriok (,hours) 

Power Spectrum of ' the  Winds 
Garchy (Dec. 1965) 
Alt i tude 94 km. 

* 

Frequency (hour-') 

1. 0,02 0,1 9 2  9 3  0,4 95 0.6 

Figure 2. Power spectrum of t h e  wind, Garchy, 29 March - 1 April 1966. 

The spectral  density S(f) expressed i n  m s is plot ted as a function 
0f t h e  frequency f ( in  hours'l), o r  of t h e  period 7 ( in  hours), The 
4 wind componeniy may be c l e a r l y  discerned: 
diurnal  t i d e  (B) , semidiurnal t i d e  (C) e maximum readings corresponding 
to gravi ty  waves (E)), 

(Alt i tude 94 he) 
2 -1 

prevail ing wind (A), 

9 
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11. The Components of t h e  Wind 

W e  have seen t h a t  most s tud ies  published up un t i l  now on upper atmospheric 

winds base t h e i r  analysis  on four  independent components: 

t he  prevail ing wind, remaining p rac t i ca l ly  constant during an observation 

period of one o r  several w e e k s ,  

t he  diurnal and semidiurnal t i des ,  with respective 24 and 12 hour periods, 

t he  small-scale winds! t h i s  term w i l l  be used t o  designate t h e  system 

of components with periods less than 12 hours (no lower l i m i t  could be determined 

experimentally f o r  t h i s  period). 

Although t h i s  way of  analyzing winds has been challenged by some authors 

[Bedingelr et al., 19681, it appears d i f f i c u l t  t o  reject it as a whole, It is 

known, since t h e  first measurements made at Jodre l l  Bank and Adhla5.de (Greenhow 

and Neufeld, 1961; Elford, 1959 a and b l  t h a t  a prevail ing wind and a t i d e  with 

a 12 hour period appear i n  an indisputable way i n  almost half  of t h e  recordings 

of winds. The diurnal t i d e  appears with a high amplitude a t  l a t i t u d e s  of 30 t o  

35' [Elford, 1959 a and b; Hines, 19661. Nevertheless, t h e  observation of a 

diurnal t i d e  a t  Jodre l l  Bank (53ON) has been the  subject of m Q r e  debate 

and par t icu lar ly ,  t h e  observations previous t o  those made a t  Garchy only supplied 

s o m e  s ta t is t ical  data  on small-scale winds, leaving an i s sue  of doubt as t o  t h e i r  

nature  (turbulence o r  gravi ty  waves?) and proving i n  no way t h a t  they represent 

a uniform physical phenomenonc 

7 Also, 18 - 

By allowing reconstruction on a continuous bas i s  of wind var ia t ions  plot ted 

against  t i m e ,  t h e  Garchy radar  made possible,  f o r  t h e  first' t i m e ,  ca lculat ion of 

t h e  complete spectrum of the  winds, from i ts  constan$ component up t o  periods 

on t he  order of approximately 2 hours, with a precision allowing clear recog- 

n i t i on  of t h e  d i f fe ren t  components l i s t e d  aboveo 

Examples of spectra  produced i n  t h i s  way are provided by Figures 2 and 3. 
It i s  possible t o  s& here a first confirmation of the existence of these wind 

The r e s u l t s  obtained a t  Jodre l l  Bank w e r e  debated by Haurwita C1961, 
l96&], who showed t h a t  many of them w e r e  not s ignif icant .  More part icular ly ,  
according to Haumitz, none of t h e  results re l a t ing  t o  t h e  zonal component of 
t h e  diurnal  t i d e  are probably s igni f icanto  



5.1 . t  . 
Power Spectrum o f - the  Win$, 

.Garchy (March. 1966) 
A l t i t u d e  9% km. 

.* ' 

Figure 3.  
Garchy, 14 - 16 December 1965. 
(Altitude: 94 km.) 
A s  with Figure 2 ,  it is  possible t o  
discern the  4 wind components. 
the less ,  t h e  diurnal t i d e  no longer 
appears as a Irpeakl$ of t h e  spectrum 
but l i k e  a component of more complex 
s t ructure  ,. 

Power spectrum of t h e  wind, 

Never- 

components s ince the  la t te r  a re  qu i t e  

of ten reflected by an equal number of 

d i s t i n c t  maxima of t h e  spectrum. 

is, however, not t h e  case with small- 

scale winds (D) which have several suc- 

cessive m a x i m a  a s  w e l l  as periods in- 

cluded between 2 and 10 hours. The only 

exception: t he  diurnal t i d e  (B) is of ten  

expressed by a maximum too wide t o  depict  

a simple spectral  l i n e  and sometimes 

divided in to  two parts. 

This 

In  order t o  give an idea of t h e  re- 

l a t i v e  magnitude of these wind components 

Figure 4 shows t h e  plot  of mean energy 

per un i t  of mass of each one of them, 

calculated from t h e  aggregate  of ob- 

servation runs. 

components are comparable except f o r  t h e  

one f o r  t h e  diurnal t i d e  which decreases 

with a l t i t u d e  and represents at 98 kin no 

more than 5% of t h e  total  energy of t h e  

winds. 

The energies of t h e  4 

III. The Semidiurnal Tide 

Of a l l  t he  wind components, t h e  semidiurnal t i d e  is the  bes t  known, This 

is undoubtedly because, as w e  sha l l  see9 t h i s  o s c i l l a t i o n  has a high amplitude, 

is very uniform a n d d s ,  on t h i s  account, easy t o  demonstrateP 

The semidiurnal t i d e  e x i s t s  a t  a l l  t h e  a l t i t u d e s  between t h e  ground and 

the ionosphere baseo It has been observed on t h e  ground where it appeared as 

a Ibammetric oscillation, [Simpson, 1918; Von Hann, 1918; Haumitz and Cowley, 

1965 a d  1966, Cetc.3 as w e l l  as in t h e  mesosphere where it w a s  possible to 

, 11 



I 

! root 

=. V I .  

3 
,2 
i 

E 

.= S6. 

' . v4 .  

I eo. 

' as. 

IS. 

I w.  

a.t 

t o  carry out observations by using aero- 

legihal rookets [Miers, 1965; Beyers 

/ 9  et a13 1965 and 1966; Reed, et  - 
a l ,  1966, etc.]. Finally,  it w a s  a lso 

observed at t h e  base of t h e  ionosphere 

where t h i s  t i d e  w a s  revealed by observa- 

t i on  of meteor t r a i l s  using the  so-called 

tffadingsfl method and beginning from a r t i -  

f i c i a l  clouds, The most complete observa- 

I t i ons  of t h e  semidiurnal t i de ' a r e  those ! Energy: of th-@ W i n d  (-'*-% ~ ' 

S I wind . 

contrary, i n  t h e  lower atmosphere, t h i s  

t i d e  only represents a very small propor- 

t i o n  of t h e  t o t a l  energy of t he  winds, 

Mean values calculatea from t h e  
aggregate  of observation runs. 

Thus making t h e  observations much longer and less preciseo 

The semidiurnal t i d e  formed the  subject of a great number of theore t ica l  

studies.  

t he  r e s u l t  should be a superposition of ffmodesff. One of them, which w e  sha l l  

depict  by t h e  symbol S2 can be energized by the  heating of the  atmosphere owing 

to so la r  radiat ion i n  t h e  lowest layers  of t h e  atmosphere (troposphere, ozono- 

sphere), 

should then be observed. 

Like any osc i l l a t ion  of t h e  whole atmosphere, it has been shown t h a t  

2 

It is then propagated t o  t h e  upper atmosphere where a progressive wave 

In  t h e  following, w e  are going t o  examine t h e  propert ies  of t he  semidiurnal 

t i d e  experimentally observed and w e  are going t o  see t h a t  they essent ia l ly  co- 

incide with those of t h e  theore t ica l  mode S 

swmmarized as follows: 

2 
2 

These latter propert ies  may be 

2 
2 l, The mode S depicts  a coherent o s c i l l a t i o n  of t h e  whole of t he  terres- 

tr ial  atmosphereo at a l l  points  of t he  same a l t i t u d e  its phase is only a 

function' of loca l  t i m e ,  

2, The oscillation 0f t he  wind vector is c i r cu la r ly  polarized, 

rotates in a negative? d i rec t ion  i n  t h e  horthern hemisphere and in a positive 

direckion in the aoukhern hemisphere, 

The wind 



I 3 

3, The 

ward, should 

progressive wave seen above 80 km, whose energy is propagated up- 

have a phase ve loc i ty  directed downward. Its phase should r o t a t e  

by several degrees per km ( t h i s  value, varying grea t ly  with temperature, corre- 

sponds t o  a ve r t i ca l  wavelength of from about one hundred t o  several  hundreds 

of h). 

4. The amplitude of t h e  t i d e  should increase with a l t i t u d e  1: proportionally 

to exp (z/2H), i n  which H is t h e  scale of height, 

L e t  us  compare these propert ies  to those of t h e  experimentally observed 

semfdiurmal t ide:  

le The semidiurnal t i d e  appears as a uniform osc i l l a t ion ,  having some 

degree of phase coherencec 

In  t h e  spectrum of winds, it appears with a very narrow m a x i m u m  (Figures 

2 and 3 )  which; taking i n t o  account t h e  spectral  resolut ion produced, is not 

d i f fe ren t ia ted  by an i n f i n i t e l y  t h i n  ff l ine"  such as would be produced by a pure 

sinusoidal osc i l la t ion .  

'More precisely,  it w a s  possible to confirm, beginning from observations 

made at  Garchy, t h a t  t h e  phase 0f t h e  semidiurnal t i d e  more of ten  then not 

hardly varied for several  consecutive days. As f o r  t h i s ,  its mean phase was 

calculated f o r  each run of observations (cf. annex), Then, each one of these 

runs w a s  subdivided in to  p a r t i a l  i n t e rva l s  f o r  which its phase ii w a s  calculated. 

The d i s t r ibu t ion  of the  values of phase f luctuat ion t$ - p is provided by Figure 

5. These values arep f o r  the most par t ,  less than 20° i n  absolute value, io e,, 

- 
i 

on t h e  same order  as t h e  e r r o r  made with @.e The rare exceptions, nevertheless, 

come from t h e  several  runs where t h e  amplitude of t h e  semidiurnal t i d e  is t h e  

lowest (April, June 11, July) ,  and where, conseqpently, t h e  measurement can 

be more e a s i l y  disturbed by another phenomenon, 

1 

During one e n t i r e  year, t h e  phase and amplitude of t h e  semidiurnal t i d e  

show seasonal variations.  Nevertheless, from one year t o  t h e  other ,  the same 

values of phase and amplitude may be found approximately i n  t h e  same season., 

Greenhow and Neufeld Cl9611 have confirmed t h a t  t h e  same cycle  of seasonal 

var ia t ions  reappeared f o r  f ive consecutive years a t  Jodre l l  Bank. 

firmations w e r e  made a t  several  stations using t h e  method of fadings [Rao  and 

Rap, 29&; Briggs and Spencer, 19548 Shimasaki, 1959; Sprenger and Schminder, 1967; 
Harnischmacher and Rawer,  19688 etco20 

0. 

Similar con- 

13 
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Finally,  i n  order t o  confirm t h e  

theore t ica l  l a w  according t o  which t h e  
/10 

e phase of t h e  semidiurnal t i d e  is only a 

' function of local  t i m e ,  it is convenient 

0 t o  depict  t h i s  phase using loca l  t i m e  t 

a t  which t h e  t i d e  amplitude is maximum ,in 

a spec i f ic  direct ion (e.g. t o  t h e  eas t ) ,  

t should be i n  t h i s  case constant f o r  a 

given a l t i t u d e  and season over t h e  whole 

ea r th ' s  surfacee Figure 6, including t h e  

0 

; seasonal var ia t ions  of t h e  semidiurnal 

. t i d e  observed i n  t h e  v i c i n i t y  of 90 lun 

, i n  a l t i t u d e  a t  several European sites, 

. shows t h a t  t h i s  l a w  is approximately 
1 ' ' . Phase fluctuation'(degrees) 
1 .  

Figure 5, 
phase f luctuat ion gi - @ of t h e  semi-  
diurnal t i de ,  (Altitude: 93 km.1 t o  t h e  Urals. 

Distr ibut ion of values of - confirmed, a t  least f r o m  t he  Atlant ic  

The uniformity of t he  semidiurnal The very d i s t i n c t  m a x i m u m  of t h i s  
d i s t r ibu t ion  for t h e  zero value i l l u s -  
trates t h e  very great phase s t a b i l i t y  
of t h e  semidiurnaJ t ide.  

o sc i l l a t ion  i n  t i m e  and space has there- 

fo re  been conf inned. 

2. The circular polar izat ion of t he  t i de ,  as w e l l  as its negative ro ta t ion  

i n  t h e  northern hemisphere and its posi t ive ro ta t ion  i n  the  southern hemisphere, 

Rave been confirmed at  a great  number of sites i n  very varied la t i tudes ,  such as: 

(Using a m e t e o r  radar) 

Jodre l l  Bank ( 5 3 O N )  [Greenhow and Neufeld, 1956 and 19611 
Kharkov (5O0N) [Kachtcheiev and Lysenko,' 19611 
SheffiePd (53ON) [Muller, 19661 
Adelaide (35"s) [Elford, 1959 a and b; Elford and Robertson, 19531 

(Using t h e  method of s'fadingsll) 
-Q 

HaPBey Bay ( % O S )  [Piggott and Barcley, 19621 

K j e P P e r  ( 5 9 O N )  [Harang et &Ie9 1957 and 19643 
Lower Hult (41 "S ) [Henderson, 1963 3 
Yatnagawa (3XoN)  CShimaaaki, 1959; Tsukamoto, 19591 

. 
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Figure 6 ,  Seasonal var ia t ions of amplitude and phase of t h e  
semidiurnal t i d e  observed by d i f fe ren t  European sites: 

Garchy [Revah, 19691, Kuehlungsborn [Sprenger F d  
Schminder, 19673, Jodrel l  Bank [Greenhow and Neufeld, 
19611, Kharkov [Kachtcheiev and Lysenko, 19613, 
Moscow and Kazan [Zadorina et al., 196710 

Although the re  are some exceptions, they almost always appear a t  periods 

of t h e  year and at l a t i t u d e s  i n  which the  semidiurnal t i d e  has a lower amplitude 

( in  summer for t h e  m e a n  l a t i t u d e s  [Greenhow and Neufeld, 19611, and i n  low- 

l a t i t u d e  sites such as Waltair, P8ON [Rao and Rao, 19643; Delhi, 2 8 O ~  [Mitra 

and V i z ,  1960l), i .e. under conditions i n  which measurements are the  most 

disturbed. 

3.  Experience has confirmed t h a t  the  semidiurnal o sc i l l a t ion  is propagated 

According to measurements made a% Jodre l l  'Bank i n  1953 ... 1958 [Green- 
P '  

downward. 

how and NeufePd, 1956 and 19619, its phase increases with a l t i t u d e  on t h e  

average sf 50 pes kin (30 per M i n  summerg 7e per b i n  winter). 

The same observation was made in  1956 - 1966 beginning f r o m  t he  Garchy 
" *  

a§ 



radar, but with a b e t t e r  def in i t ion  i n  a l t i tude.  Figures 7 t o  15 provide t h e  

var ia t ions of amplitude and phase of t h e  semidiurnal t i d e  as a function of 

A margin of e r r o r  has also 

- /11 

a l t i t u d e  f o r  each one of t h e  observation runs. 

been plot ted on t h i s  figure. 

Figures 7 t o  15 show t h a t  phase a of t h e  semidiurnal o sc i l l a t ion  has a 

tendency t o  increase with a l t i t u d e  z, although it deviates  s ign i f icant ly  from 
2' 

t he  l i nea r  increase which should yield a pure mode S2. 

been def ined ' for  each run and represents t h e  s t r a igh t  l i n e  of regression. These 

values of d@/dz, p lo t ted  on Figure 16, are probably i n  acceptable agreement with 

those of Greenhow and Neufeld, with t h e  exception of aberrant values found i n  

March and April ( i n  April,  t he  s t r a igh t  l i n e  of regression has hardly any direc- 

t ion) .  A simultaneous explanation could be made of these aberrant values (many 

of them likewise i n  t he  da ta  of Greenhow and Neufeld) and the  deviation of @(a) 

with respect t o  a l i n e a r  l a w ,  by allowing &her w e a k e r  o sc i l l a t ions  with differ-  

ent wave!engths t o  be superposed on t h e  chief mode S2 

in behalf of t h i s  explanation t h a t :  

A mean slope dg/dz has 

It is worthy of not ice  2' 

(a) The runs i n  which #(z) deviates  t he  most f r o m  a l i n e a r  l a w  (April, 

June II), and i n  which tfie values of d@/dz appear aberrant, are those i n  which 

t h e  amplitude of t h e  t i d e  (therefore:  of t he  chief mode S is t h e  lowest, 2 
2 

(Ib) Instead of a simple spectral  analysis  of t h e  winds, it is possible t o  

. car ry  out a "two-dimensionaltf ana lys i s  supplying a spectrum with two dimensions, 

function of frequency and number 0f waves. The two-dimensional spectrum has t h e  

'advantage of allowing separation of two components with t h e  same period and 

d i f fe ren t  wavelengths, Now, t h e  two-dimensional analysis  confirms t h e  existence 

of a dominant component. i n  which d@/dz coincides with t h e  slope of t h e  s t r a igh t  

I l i n e  of regression (Figure 161, f o r  a l l  runs, except f o r  March and April where 

t h e  presence of several  components appears s ignif icant ly .  

4. The last  property of Si predicted by t h e  theory is t h e  increase of 
e 

its amplitude v with a l t i t u d e  a, proportionally to exg (z/2H), 

When H = 6,s la, t h e  amplitude v of t h e  semidiurnal t i d e  should therefore  

increase tenfold approximately every 30 km, which appears to be w e l l  i n  agreement 

with the orders  of magnitude of v observed, not only above 80 lung but also below 

ab 
I 

. .  

, 
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,Figure 7 to Phase and amplitude of t h e  semidiurnal t i d e  
observed at  Garchyo from November 1965 to 
September 1966 
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Figures 7 t o  15 (cont, 
' 

21-24 June 1966 8-10 June 1966 Semidiurnal t i d e  
- - _  

Semidiurnal t i d e  

I 

'1' 

-i 
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a- - frr) *- -we 
Figure 13 

19-22 Ju ly  1966 Semidiurnal t i d e  
. - ~ 

13-15 September 1966 Semidiurnal t i d e  

ROI : . ?  ? 'p I 

; !  

Figure 16 Figure 15 

-e 

Figprea 7 to 15. Phase and amplitude of t h e  semidiurnal t i d e  
observed a t  Garchy, f r o m  November 1965 Po 
September 1966. 



. this a l t i tude .  

e Oo3 to m's (aerological rockets) z = 4 O k m  

6okm 2 t o  8 m / s  

lo to 2o m/s (meteor t r a i l s )  80 lan 
v 100 km 20 to 60 m / s  

Semidiurnal t i de :  seasonal var ia t ions 
of t h e  vertical phase gradient. This only represents an approxi- 

mate ver i f ica t ion ,  In r e a l i t y ,  t h e  ---_I_-. 
' 4:- ,.'i 

k 
data  coming f r o m  rockets and meteors 

w e r e  produced i n  d i f f e ren t  places and 

t h e  meteorological rockets supplied 

only l i t t l e  data on t h e  semidiurnal 
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Garchy: slope of t h e  s t ra ight  P l i n e  of progression. 

p ,Garchy : wavelength deduced from 
t h e  two-dimensional analysis,  

t - , Jod re l l  Bank: m e a n  curveo 

Beginning from winds measured at  

Jodre l l  Bank by meteor t ra i ls ,  Green- 

how and Neufeld C1956, 19611 calcu- 

/13 - 

l a t ed  t h e  mean values of t h e  dv/dz 

gradient between 80 and 100 Bon and 
Figure 16. 
ve r t i ca l  phase gradient dG/dz of t he  

Seasonal var ia t ions  of t h e  studied t h e i r  seasonal variations.  
- - 

semidiurnal t i d e  (or: of t h e  equivalent Their r e su l t s ,  p lot ted on Figure 17, 
ve r t i ca l  wave length are confirmed by those obtained a t  = 2q-r (d@/ds) 

The agreement can appear acceptable Garchy (plotted on t h e  same f igure) ,  between the  values obtained a t  Garchy 
i n  1965-1966 and those obtained a t  It may be noted t h a t  dv/da is pract i -  
Jodrel l  B a n k  from 1953 t o  1958, .on con- 
d i t ion  of not  taking in to  account values eaSly,zero during summer, t h i s  appear- 

obtained a t  Garchy i n  April a t  t h e  same 
time taking t h e  slope d@/dz of t h e  
s t ra ight  l i n e  of regression. These 
aberrant values are not confirmed by 
the  two-dimensional harmonic analysis,  

ing t o  be incompatible with t h e  above 

exponential l a w ,  . 

In order t o  try a more Valid com- 

showing t h a t  i n  these cases the  t i d e  parison, an attempt w a s  made t o  approxi- 
cannot be reduced to& simple wave with 
a given wavelength, mate t h e  experimental values sf (z) Its s t ruc ture  is 
more complex, 

Garchy [Revah, 19699; Kuhlungsborn 
[Sprenger and Schminder, 19671, Jodrel l  
Bank [Greenhow and Neufeld, 19613, 
Kharkov [Kachtcheiev and Lysenko, -19611, . 
pioscow and Kazan [Zadorina et al., 19679. 

observed at Garchy by an exponential 



l a w  i n  t h e  form: v oc exp (cyz) (a method of least squares w a s  used f o r  t h i s ) .  

The following conclusions resulted: 

(a) during winter months, cy does not d i f f e r  s ign i f icant ly  from its theor- 

etical value 1/2 H, 

(b) during summer months (June t o  September, ~y is less, t o  a s ignif icant  

degree,. than t h i s  theore t ica l  value, 

(c)  t h e  experimental values of t h e  wind v(z)  almost always deviate signi-  

f i c a n t l y  f r o m  t h e  exponential l a w  defined above. Here again, everything occurs 
2 

as i f  o ther  o sc i l l a t ions  with d i f f e ren t  wavelengths w e r e  superposed t o  the  S2 

mode. 

In conclusion, t he  propert ies  of the  experimentally observed semidiurnal 

t i d e  deviate  very l i t t l e ,  between 30 and 100 km i n  a l t i t ude ,  from those of t h e  

theore t ica l  S2 modep 

appear most of ten  when t h e  amplitude of t h i s  t i d e  is a t  t h e  minimum, and there- 

fore  can be explained by t h e  superpolsition, i n  t h e  chief S2 mode, of other  

Power amplitude osc i l la t ions .  

2 The rare disagreements between experience and theory 

2 

The only disagreements between observations and 

theore t ica l  l a w s  concern t h e  var ia t ions  as 

a function of t h e  a l t i t ude ,  amplitude v and 

phase 4 of t h e  semidiurnal t ide.  

dv/dz and d#/dz show great seasonal varia- 

t i ons  and occasionally have values dis- 

agreeing with the  LheoretiAal l a w  (dv/dz i n  

summer), Y e t  t h e  theore t ica l  l a w s  re fe r red  

N to above (v oe exp (z/2H, d@/dz = constant)  

4 

The slopes 

5 3  ‘ 
3 
a 2  

d 
D rn 
= I  

? 
$ 0  

0 
3 

are sn ly  s t r i c t l y  applied to ap. isothermal 

+ environment. Now, t h e  presence of a temp- 

-4 1 
I 

erature  minimum i n  t h e  v i c i n i t y  of 80 k m  

grea t ly  modifies t h e  l a w s  of var ia t ions  of 

Figure 17. Seasonal var ia t ions  of XJ and @ as a function of z9 and make them 

the  ve r t i ca l  gradient dv/dz of t h e  very sens i t i ve  to t h e  Peast var ia t ions of 
amplitude of t h e  semidiurnal t i d e D  

t h e  temperature prof i le .  
A comparison w a s  made between t h e  

none of %he propert ies  of t h e  experimentally da ta  taken by %he Garchy radar  
( t r iangles )  a d  those f r o m  Jodrel l  .observed semidiurnal t i d e  is i n  f lagrant  
Bank (included in t h e  crosshatched ’ 
zone 
20 

M p h  of year k 
(I’ 

Beyond any ;doubt, 



2 disagreement with t h e  hypothesis of a predominance of t h e  S2 mode. 

IV. The Diurnal Tide 

The contrast  is s t r ik ing  between t h e  semidiurnal t i d e  studied i n  t h e  

previous paragraph and t h e  diurnal t i d e  which w e  are going t o  examine. The 

semidiurnal t i d e  appears as a uniform, s t ab le  osc i l l a t ion  which can be demon- 

s t r a t ed  by a simple theore t ica l  modelo 

shows, especial ly  a t  middle l a t i t udes ,  non-uniform f luctuat ions,  A l s o ,  t he  

Patter t i d e  does not allow itself t o  be reduced t o  a simple modelo 

On t h e  contrary, t h e  diurnal t i d e  

It is probably f o r  t h i s  reason t h a t  repor t s  on t h e  diurnal t i d e  are less 

common than those wr i t ten  on t h e  subject of t h e  semidiurnal t ide .  

these are t h e  same experiments which allow observation of both phenomena to a 

f a i r l y  accurate degree, For t h i s  reason, t h e  diurnal t i d e ,  very s l igh t  a t  

ground leve l ,  is more d i f f i c u l t  t o  show beginning from barometric osc i l la t ions ,  

On t h e  contrary, i ts  high amplitude between 30 and 60 Ian s impl i f ies  its study 

by means of aerological rockets [Miers, 1965; Beyers et al., 1965 and 1966; 
Reed et  al., 1966; Webb, 1966 a and b, 19671. The most copious data conoeriiing 

diurnal t i d e  w e r e  obtained between 80 and 110 km by the  observation of m e t e o r s  

and by t h e  ' I f  adings" method. Final ly ,  observation of luminescent clouds supplied 

some da ta  between 90 and 130 km [Hines, 19661. 

, The theory of t h e  diurnal  t i d e  derives from t h e  Laplace equations as does . 
t he  semidiurnal theory, 

d i f f h r  quant i ta t ive ly  from each other,  owing to  t h e  d i f fe ren t  value of t h e  

period, although not having a basic charactero In par t icu lar ,  any diurnal 

0 s c i l l a t i o k  0f t h e  atmosphere can be reduced to &he s m  sf several  %odes" 

whose chief propert ies  are t h e  following: 

Nevertheless, 

Also, i t  is believed t h a t  both these  theor ies  ch ief ly  

1, t h e  phase at a given point does not vary with t i m e ,  provided t h i s  

mode is itself energized by a time-stable energy source (solar radiat ion)  and 
am 

provided t h a t  t h e  cha rac t e r i s t i c s  of t h e  atmosphere have 

2. t h e  m t a t i O R  of t h e  wind vector is car r ied  out9 

always in the same direction. With respect t o  the  modes 

the wind vector aPways rotates in the nega&iv@ di rec t ion  
f l  

- .  

no 

at 
Of 

i n  

grea t  var ia t ions;  

a given l a t i t ude ,  

t h e  diurnal t i de ,  

t h e  northern 
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hemisphere; 

3.  t h e  vertical wavelength is only 
1 8 .  amounts t o  27 km f o r  t h e  first SI mode , 

a higher order; 

a function of 

and less than 

t h e  mode considered. 

t h i s  value f o r  modes 

It 

of 

110 

-P 

4. i n  the  absence of sca t te r ing  ( t h i s  i s  t h e  case f o r  t h e  S1 mode below 1 
km), t h e  spec i f ic  energy of a mode var ies ,  as a function of a l t i t u d e  z, l ike 

(z/H) . 
To these properties,  which recall point by point those of t h e  semidiurnal 

t i d e  described i n  paragraph 3, w e  sha l l  add one more which is cha rac t e r i s t i c  of 

t h e  diurnal  t ide :  

5 ,  t he re  are two types of Sy modes: 

those f o r  which n 0 are v e r t i c a l l y  propagated a s  one wave. They 

have a high' amplitude at l a t i t u d e s  less than approximately 30", t h i s  amplitude 

quickly decreasing when t h e  l a t i t u d e  increases above t h i s  value. 

those f o r  which n < 0 are not ve r t i ca l ly  propagated. When t h e  a l t i t u d e  

increases, t h e i r  amplitude decreases exponentially and t h e i r  phase remains sta- 

tionary. These modes have a high amplitude at  l a t i t u d e s  grea te r  than 30°9 t h i s  

amplitude quickly decreasing when t h e  l a t i t u d e  decreases below t h i s  value. 

The study of t h e  experimental propert ies  of t h e  diurnal t i d e  w i l l  be 

car r ied  out i n  several stages. W e  sha l l  a t  first proceed, exactly as i n  t h e  

case of t h e  semidiurnal t i d e ,  by making an experimental comparison of each one 

sf t h e  above theore t ica l  properties,  

result w i l l  be deceptiveo Theory only very incompletely takes experimental 

remPts i n t o  account. W e  sha l l  propose i n  t h i s  case, using a second t i m e  a 

method b e t t e r  sui ted t o  the study of t he  diurnal t i d e  and which is based on 

t h e  observations recent ly  car r ied  out a t  Garchy. 

This procedure is conventional but t h e  

W e  sha l l  first study the  t i d e  between 80 and 1130 km i n  a l t i t ude ,  then below 
% 

,80 km (where its propert ies  are q u i t e  d i f fe ren t ) ,  

8, This mode is designated by S: i n  t h e  articles by Lindzen, The v e r t i c a l  
wavelength Ps a function of t h e  atmospheric temperature and t he  value 27 Ian 
corresponds t o  a temperature sf 25OoK0 > 2 *  *. 
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A. Diurnal t i d e  between 80 and 130 km. Comparison between experimental 

data  and theore t ica l  t'modes't. 

1. The diurnal t i d e  i s  not a pure sinusoidal osc i l la t ion .  

Between 80 and 110 km i n  a l t i tude .  a t  middle la t i tudes .  its amDlitude and 

phase show non-uniform var ia t ions  and it cannot be assimilated t o  a simple 

spec t ra l  l i n e  without committing a ser ious error.  

This appears c l e a r l y  when examination is made of t he  wind spectra  provided 

by t h e  Garchy radar, Figure 18 provides a f e w  examples of t h i s .  

obtained i n  February has, i n  t h e  case of one 24 houreperiod, a m a x i m u m  whose 

width is on the  order of t he  spectral  resolution (approximately 2.10 

and which, consequently, is not d i f fe ren t ia ted  by an i n f i n i t e l y  th in  spectral  

Bine, This case is exceptional, More of ten than not, t h e  diurnal t i d e  occupies 

The spectrum 

-2 -119 hour 

a maximum bandwidth perceptibly greater than the  spec t ra l  resolution (December). 

Or again, t he  m a x i m u m  appears f o r  a d i f fe ren t  24 hour period which can vary 

between 17 hours (April) and 30 hours (September). On t h e  mean spectrum cal- 

culated from the  aggregate of nine recording runs (Figure 191, t he  diurnal t i d e  

no longer appears as a very c learcu t  m a x i m u m  but as a blurred m a x i m u m  occupying 

t h e  range of periods included between approximately 17 and 35 hours, 

/15 

This absence of discont inui ty  w i l l  lead us9  i n  the  following, t o  terms as 

stdiurnal t ide"  t h e  whole of t h e  osc i l l a t ions  of t h e  wind included i n  t h i s  range 

of frequencies (any o ther  boundary would appear as completely a rb i t r a ry )  This 

def in i t ion  w i l l  subsequently be given i ts  physical j u s t i f i c a t i o n  since these 

o s c i l l a t i o n s  Rave spec i f ic  propeirties i n  common (ve r t i ca l  wavelength). 

Greenhow and Neufeld C19613 have noted t h a t  a t  Jodre l l  Bank (53"N) t he  

amplitude and phase of t h e  diurnal  t i d e  vary considerably from day t o  day. 

This amounts to saying t h a t  t h i s  t i d e  occupies a wide bandpass. However, 

these  w r i t e r s  do not exploit  f u l l y  a l l  t he  consequences of t h i s  observation, 

They determine t h e  cha rac t e r i s t i c s  of t i d e s  by assimilating them on a pre- 

liminary bas i s  t o  s;ectral l i n e s  which procedure is false i n  t h e  case of t h e  

9. The spectral resolution is on the order  of 1/T, where P is the 
duration of the sample tested.  I 
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diurnal t ide ,  And, what is more, a l l  w r i t e r s  making use of observations of 

meteors or the  llfadings" method proceed i n  the  same way. 

L e t  VT be t h e  amplitude of t h i s  t i de ,  calculated as i f  it w e r e  a matter 

of a spectral  l ine ,  e.g., beginning from: 

whece 

multiple of t h e  period, It is shown tha t  V has no simple physical significance 

0ut  t h a t  pT12 is approximately t h e  energy of t h e  wind included i n  a frequency 

band with width 1/T around t h e  cent ra l  frequency of t h e  t i de ,  

urnal t i d e  occupies t h e  range of periods included between 17 and 35 hours, o r  

a frequency band with width A f  = 3.10-2 hour 

u ( t )  i s ' t h e  wind and T t h e  duration of t h e  sample, assumed t o  be a 

T 

Since the  di- - /16 

-1 it follows tha t :  
9 

i n  t h e  case of a sample with duration T = 24 hours, 1/T is on t h e  order  of 

Af and IVd 

t i d e  with an e r r o r  not exceeding 20% i n  t he  worst case (which, however, is 

'generally less than t h i s  value). 

following (and those already shown on Figure 4) w e r e  obtained i n  t h i s  way,  

represents an order  of magnitude of t h e  energy of t he  diurnal 

The estimates which w e  sha l l  provide i n  t h e  
10 

in t he  case of a sample with duration T greater than 24 hours, 1/T < Af, 
hence 'lVT1 

t h i s  f r ac t ion  becoming proportionally smaller as duration T of t h e  sample g r o w s  

larger. This could explain, f o r  example, whx t h e  ffamplitudelv of t h e  zonal 

diurnal t i d e  given by Greenhow and Neufeld Cl956, 19613 var ies  according t o  

whether it is calculated based on one day (it is i n  t h i s  case sometimes greater 

than t h e  amplitude found for t h e  semidiurnal t i d e ) ,  o r  whether it concerns a 

only represents a f rac t ion  of t h e  t o t a l  energy of t h e  diurnal,  t i de ,  

mean calculated over a period of two to t h ree  days ( i t  va r i e s  between 5 and 

20 m s  -1 I p  a seasonal mean (2 t o  4 m / s )  o r  an annual mean (non-significant 

It can be seen t h a t  it is not easy t o  a t t r i b u t e  a physical meaning 

t o  such datao Wnfortunately, t h e  same comment is val id ,  not only f o r  Jodre l l  

Bank but a l so  f o r  a t h e r  middle l a t i t u d e  sites (Kharkov, Kazan, e tc*) ,  where 

- 
PO. The m e a n  of *he values of IVTI2 Is subsequently calculated f r o m  

1 several samples in order t o  seduce t h e  erroro 



. the diurnal t i d e  w a s  calculated according to  t h e  same principle.  

A t  lower l a t i t udes ,  the  non-uniform cha rac t e r i s t i c  of t h e  diurnal t i d e  

appears less marked. 

strong f luctuat ions [Elford, 1959 a and b]. Nevertheless, t h e  mean spectrum 

of t h e  diurnal t i d e  shows, contrary t o  t h e  spectrum obtained at  Garchy, a 

strong m a x i m u m  f o r  a 24 hour period. 

diurnal t i d e  with a r e l a t i v e l y  s t a b l e  phase is also confirmed by a study of 

Hines E19661 using measurements of winds by ar t i f ic ia l  clouds at Wallops 

Island and Sardinia ( 3 8 O N ) .  

A t  Ad6laide (35"S), i t s  phase and amplitude also reveal 

The existence a t  such l a t i t u d e s  of a 

2, Polar izat ion of t h e  diurnal t i de .  

The great many measurements made a t  Jodre l l  Bank (53'N) and Ad61aide 

(35"s) show t h a t  t h e  diurnal t i d e  successively shows a l l  polar izat ions possible 

s ince t h e  wind vector r o t a t e s  both i n  the  pos i t ive  as w e l l  a s  i n  the  negative 

direction. In Ad6laide [Elford, 1959 a and b l ,  t h i s  d i rec t ion  of ro ta t ion  

frequently var ies  with t h e  a l t i t u d e  which fact, from t h e  viewpoint of  t h e  

glmodesll, theory, i s  completely incomprehensible, 

Nevertheless, t h e  cases i n  which the  wind ro t a t e s  i n  t h e  d i rec t ion  pre- 

dicted by t h e  theory are t h e  most frequent ones &d t h e  winds derived from 

annual m e a n s  have a d i rec t ion  of ro ta t ion  consistent with theory. 

3. Wavelength of t h e  diurnal t ide .  

No propagation phenomenon of t h e  diurnal t i d e  could e i the r  be observed a t  

* JodrePl Bank o r  Adgla.ide, Its phase, on t h e  contrary, appears t o  vary ran- 

domly with t h e  a l t i t u d e  [Greenhow and Neufeld, 1 9 6 1 ; ~ E l f o r d ~  1959 a and b). 

However, these experiments only provide a m e a n  value of t h e  phase i n  th ree  o r  

four consecutive a l t i t u d e  in t e rva l s  which can be insuf f ic ien t  t o  reveal a 

propagation (above a l l  ,when t h e  la t ter  is disturbed),  

The Pneasureme%ts made a t  Garchy confirm i n  most cases t h e  absence of a ' e 

simple progagatSon wfth l i nea r  var ia t ion of phase, Nevertheless, f o r  some 

pupps (see, for example, Figure 201, %here may be seen a linear increase of 

this phasep indicat ing BL propagation with BL phase veloci ty  direc%ed downward 
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. .  and a wavelength of 20 t o  30 km. . 
A statist ical  study involving about 

t h i r t y  a r t i f ic ia l  clouds [Hines, 19663 

(observation method likewise providing 

a good def in i t ion  i n  a l t i t u d e )  a l so  

. leads t o  a mean v e r t i c a l  wavelength of - 
* .  I Phar? tdcgr.) t h e  diurnal t i d e  of 20 t o  25 km, . 

-188 -100 0 100 180 

The r e s u l t s  described up t o  now 
Figure 20. 
t i d e  as a function of a l t i tude .  -- 

Phase of t h e  diurnal . ~ suggest t h e  existence of a diurnal t i d e  

whose mean cha rac t e r i s t i c s  a re  those of Garchy, 14 - 16 December 1954; 
One of t h e  rare examples showing the  theore t ica l  modes with predominance 

- 
an osc i l l a t ion ,  with a 24 hour 
period, which is propagated with 

- 1  
J. of t h e  S mode, but of which t h e  propa- 

a v e r t i c a l  wavelength. An agree- gation appears grea t ly  disturbed. 
ment with theory such as t h i s  is 
exceptional , 

Unfortunately, t h e  s i t ua t ion  becomes more complicated with the  appearance 

of m e a n  cha rac t e r i s t i c s  of t h e  diurnal t i d e  which are qu i t e  d i f fe ren t  from those /17 
predicked on a theore t ica l  bas i s  f o r  t h e  S: mode. 

- 

4. Variation with a l t i t u d e  of energy of t h e  diurnal t ide.  

l The S1 mode should theo re t i ca l ly  be propagated below 105 km without e i t h e r  

d i ss ipa t ion  o r  Peflection. 

vary with a l t i t u d e  z. 

(z/H). Or again, Pes amplitude ( to  t h e  extent i n  which it has a physical 

meaning, see P I  above) var ies  as exp (2/2H) 

un i t  of mass of t h i s  t i d e  should therefore  increase tenfold every 15 lune 

Pts energy per un i t  of Volume should therefore  not 

Its energy per  un i t  of m a s s  therefore  var ies  as exp 

When N = 6.5 km, t he  energy per 

Now, Figure 4 shows t h a t  at Garchy t h e  mean energy per un i t  of m a s s  of 

The observations made t h e  diurnal t i d e  va r i e s  only s l i g h t l y  with a l t i tude .  

at Ad&Palde [RoperL 19663 lead t o  t h e  same conclusiona 

*he gmug veloci ty  of t h i s  t i d a l  wave is directed upwards (see J 9  above), t h i s  

If it is assumed t h a t  

- 
wave is propagated losing energy a t  t h e  same t i m e o  

27 
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5. Variations of amplitude of t h e  diurnal t i d e  with la t i tude .  

n 
1 W e  have seen t h a t  a cha rac t e r i s t i c  property of t he  S modes of pos i t ive  

1 n i n  general - and of t h e  S1 mode i n  par t icu lar  - is t h e i r  large value i n  t h e  

lower la t i tudes .  L e t  u s  see i f  t h i s  property is confirmed experimentally. 

The winds measured by meteor radar a re  on t h e  order of 10 t o  50 m/s at 

Adglaide (35"s) whereas t h e  si tes i n  l a t i t udes  included between 45 and 60" 
(Garchy: 47"N, Kharkov: 5 0 ° N ,  Jodre l l  Bank: 5 3 O N i  Sheffield:  53"N, Kazan: 56"N) 

give amplitudes of 2 t o  15 m/'s (Figure 21). 11 

' Using the  "fadingsl' method, there  is obtained a t  Waltair ( 1 8 " N )  a diurnal 

t i d e  with a very high amplitude (70 to 80 m / s ) .  However, t h i s  s i te  is unfor- 

tunately t h e  only one a t  a very low lat i tude.  In  addition, t h e  measured ampli- 

tude is  very var iable  from one s i te  t o  another (Figure 21). 

, 

This dispersion 

of results, moreover, may be explained by the  of ten  debatable manner i n  which 

t h e  t i d a l  amplitude is defined (see 1 above), and by t h e  var ia t ions,  during 

one day, of t h e  a l t i t u d e  of ionospheric ref lect ions.  

P 
In s p i t e  of t h e  dispersion and insufficiency of these resu l t s ,  w e  can only 

conclude - 0n a provisional bas i s  - t h a t  t h e  amplitude 0f t h e  diurnal t i d e  is 

grea tes t  at Power l a t i t u d e s  and t h a t ,  consequently, t h e  modes of posi t ive rp 

prevai l  a 

In  conclusion: 

tal t h e  experimental study of t he  diurnal t i d e  most of ten causes the  

11. Figures  2-22 summarize t h e  r e s u l t s  produced f o r  t h e  zonal diurnal 
t i d e  by 6 si tes using meteor radars  (mentioned above), and by 15 sites using 
t h e  "fadingsfs method: Waltair, Delhi, K j e l l e r ,  Tomsk, Cutwick, Irkoutsk, 
Cambridge, Fribourg, Rostov, Simeiz, Yamagawa, Brisbane, Wellington, Ashkabad, 
Halley Bay. [Kachtcheiev and Lysenko, 1961; Greenhow and Neufeld, 1956 and 
1961; Muller, 1966; Zadorina et al ,  1967; Rao and Rao, 1964; Mitra and V i e ,  
'1960; Harang and Pedersen, 1957; Kazimirovski and b u k o u ~ v ,  1961; B r i f ~ g S ,  
et ale ,  1950; Shimazaki, 1959t Tsukamoto .and Ogatao 19598 Rao and Rao, 1965; 
Piggott  and Barclay, 19623. 



n 
1 appearance of cha rac t e r i s t i c  propert ies  of t h e  S of n > 0, 

(b) these propert ies  are more o r  less masked by nonuniform f luc tua t ions  

of a l l  t h e  cha rac t e r i s t i c s  of t h e  diurnal t i d e  and more par t icu lar ly  by its 

period, 

(c) 

diss ipat ion.  

t h e  energy of t h e  diurnal t i d e  is propagated upwards with heavy 

Amplitude of t h e  zonal component L e t  u s  recall t h a t  t h e  modes which have 
of t h e  diurnal. t i d e  at ,various 
sites. a pos i t ive  n are propagated ve r t i ca l ly  like 

a wave. Their preponderance (a) i n  modes 

w i t h  negative n (5n which energy is  not 

60 propagated ve r t i ca l ly )  therefore  means t h a t  I 
%he diurnal t i d e  which is  propagated be- 

ginning from an external energy source pre- 

va i l s ,  between 80 and 130 km, over t h e  one 

which is loca l ly  energized, 

*., 
0 10 20 30 40  50 60 70 80 Lolilude 

20 0 .  

401 . . *.. ,~ ;:; . ~* J 
.e I' 

Figure 29. Amplitude of t h e  
zonal diurnal t i d e  as a function The two other  propert ies  (b) and ( c )  

represent as yet unexplained anomalies. We 0f l a t  itude. 

Summary of published observations 
using meteors (Jodrell-Bank, 

return to them later 

+Kharkov, Garchy, AdGlaZde) or t h e  
"fadingsVt method (20 di f fe ren t  
sites) . 

Be 0iurnaP t i d e  between 80 and 130 km: analysis  of t h e  f i n e  s t ruc tu re  

of t h e  spectrum. 

The analysis  of t h e  diurnal t i d e  made above remains, i n  s p i t e  of these 

r e su l t s ,  r a the r  deceptive. 

takes experimental results i n t o  account and it is t h e  l a t t e r  which still most 

of ten remain unexplainable i n  t h e i r  de ta i l s ,  

The theore t ica l  model p&posed only very crudely 

The results solpplied by the  Garchy meteor radar suggest another way of 
*.. 

approaching t h i s  studyo 

spectral  l ine,  t h e  sea& w i l l  be inape by a Fourier analysis  of t h e  problem, 

W e  shall gee t h a t  it is possible  fn t h i s  way to separate  t h e  diurnal t i d e  i n t o  

Since t h e  diurnal t i d e  may not be reduced t o  a simple 

29 
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/IS several d i s t i n c t  o sc i l l a t ions  having d i f fe ren t  physical significances. Un- - 
for tunately,  it w a s  only possible t o  apply t h i s  method t o  the  Garchy data. 

Beginning from p ro f i l e s  of winds produced a t  Garchy, it is possible t o  

ca lcu la te  t he  two-dimensional energy spectrum of t h e  wind S ( f ,  k) ( f :  frequency, 

k: ver t i ca l  wave number). 

superposition of several  sinusoidal waves f k , a m a x i m u m  of t h e  calculated 

spectrum.S(f, k) corresponds t o  each one of these waves. 

It is shown tha t ,  whenever a wind r e s u l t s  from t h e  

n' n 

Figures 22 t o  30 show t h e  two-dimensional spectra deduced from t h e  winds 

observed a t  Garchy. They a l l  show several d i s t i n c t  maxima and it is possible 

t o  confirm Ithat t h e  shape of these m a x i m a  almost always coincides with t h e  

which would be given by a pure sinusoidal wave. 

a t  least as a first approximation, t o  consider t he  diurnal t i d e  as the  sum of 

several pure sinusoidal waves. 

one 

It therefore  appears possible, 

There are not yet enough Garchy observations t o  allow a systematic study 

of these wavesD However, it already appears t h a t  i t  is possible t o  c l a s s i f y  

them in to  three  d i f f e ren t  families according to t h e i r  d i rec t ion  of propagation: 

le m o s t  of these  waves are propagated downwards, corresponding to .a 

IpropagatPon of energy upwards (negative Ide 
periods ranging from 16 t o  30 hours as w e l l  as wavelengths of ten included be- 

eween 28 and 30 h, 

They have i n  t h i s  case very var iab le  

2, some of 

lower amp1 i tude  

is @Pose t o  t h a t  

September) as if  

.&he waves of t h e  above type are accompanied by a wave with a 

but with t h e  same period, 

of t h e  above but is propagated i n  t h e  reverse d i rec t ion  (March, 

it w e r e  a mattes of a ref lec ted  wave, 

Th i s  wave has a wavelength which 

3.  f ina l ly ,  t h e  runs of June and Ju ly  show a component which is not pro- 

pagating (k = 0), and therefore  t h e  period is i n  the  v i c i n i t y  of 24 hours. 

The waves of t h e  first type, through t h e i r  properties,  come close t o  t h e  

pos i t ive  n modes o E t h e  diurnal t i d e  with one possible difference i n  period 

which remains to be explained. 

understood why t h e  properties of t h e  positive n modes often appear experi- 

mentali ye 

Since these waves are preponderant, it is 

, 



The presence of o s c i l l a t i o n s  of t h e  t h i r d  type suggests t h a t  there  could 

be, i n  addition t o  t i d e s  being propagated l i k e  a wave, a diurnal t i d e  loca l ly  

energisgd by so la r  heating. 

C. Diurnal t i d e  below 80 km. 

The diurnal t i d e  between 30 and 60 km i n  a l t i t u d e  i s  only known through 

t h e  r e s u l t s  from several  series of launches of meteorological rockets. Very 

l i t t l e  da ta  i s  presently avai lable  and, with a f e w  exceptions Ce.g. Reed e t  al., 

19663, only concern l a t i t u d e s  below 3 5 O C  They hardly allow t h e  drawing of f i n a l  

conclusions. 

80 Ian are no longer necessar i ly  va l id  below t h i s  a l t i tude .  

They show at best  t h a t  t h e  propert ies  of t h e  diurnal t i d e  above 

No experimental da ta  on t h e  diurnal t i d e  between 60 and 80 km i s  available. 

Nevertheless, it is possible t o  compare t h e  da ta  supplied by meteors a t  80 km 

( l o w e r  l i m i t  of t h i s  observation method) with those taken from rocket launches. 

"he fol lowing t a b l e  shows r e s u l t s  of observations made at  comparable la t i tudes :  

Observation Latitude Amp1 i tude  

diurnal t i d e  s i te  Alti tude of t he  

80 h 80 t o  .e0 m / s  Adhlaide 35OS 

60 Ian 2 t o  10 m / s  White Sands 28.5ON 

These orders of magnitude are compatible with the  theore t ica l  l a w  according 

to which t h e  amplitude should increase proportionally to exp (2/2H) (according 

t o  t h i s  l a w ,  t h e  amplitude should quadruple between 60 and 80 km). It therefore  

appears t ha t ,  contrary to what occurs above 80 h9 t he  diurnal 

below 80 h without losing any or very l i t t l e  energyo 

On t h e  o ther  hand, t he  i r r egu la r  character of t h e  diurnal  

vious between 30 a d  60 km than a t  high a l t i tudes ,  Figureg 31 
csmparison of variations of t h e  phase of t h e  diurnal t i d e  as a 

a l t i t ude ,  for sites at 

curves produced SROW a. 

a h b i l i t y  of this t i d e  

similar l a t i t u d e s  at d i f f e ren t  

great  s imi la r i ty ,  revealing i n  

b L h  in time m d  in spaC@a A$ 

%ids  is propagated 

t i d e  is less ob-' /20 

and 32 show a 

function of 

- 

periods of t h e  year. The 

t h i s  way cn great phase 

t h e  same t i m e o  t h e  uniform 



increase of phase with a l t i t u d e  shows tha t ,  as at higher a l t i t udes ,  t he re  is 

propagation of energy upwards. 

I n  conclusion, it is only above 80 km t h a t  t w o  great similarities of t he  

diurnal t i d e  are observed: 

t he  non-uniform var ia t ions  of its phase which, a t  medium la t i tudes ,  can 

appear as an appreciable frequency d r i f t ;  

its propagation upwards with a wavelength of 20 t o  30 k m  ( l i k e  t h e  S1 mode), 

with a great  d i ss ipa t ion  of energy (unexplainable f o r  t he  S1 mode). 1 
Diurnal t i d e  - east-west component ‘ 

’ -While Sods ,eb 19G4 (32) 
D i u r n a l  t i d e  - north-south component 6 ---- c a Nor 1964(32.33) 

-Eplia, May1961 (31.31) 
--WMh s n * l s  ,J&I* 1965 (34) ‘’ 2 *. 

1 6.0 
0 428 240 0 120 240 0.’ 

480 . 300 , 6.0 . 480.. 300. ~ 

h phase (degree) phose (degree) 

Figure 31. Variations of t h e  phase of 
t h e  diurnal t i d e  with t h e  a l t i t u d e  t h e  diurnal t i d e  with t h e  a l t i t u d e  be- 
beeween 30 and 60 km: north-south t w e e n  30 and 60 km: east-west component. 
component 

Comparison of r e s u l t s  obtained a t  
places with s i m i l a r  l a t i t u d e s  at 
d i f f e ren t  periods of t h e  year. 
winds are counted lpssgtively towards 
t h e  northo 

Variations of the phase of, Figure 32. 

ea The wind is counted posi t ively towards 
*he east1 

The 



V. Small-scale Winds: Gravity Waves 

The first experiments allowing study of small-scale winds used t h e  re- 

f l ec t ion  of t he  waves a t  two neighboring points of t h e  same meteor trail  

[Greenhow and Neufelt, 1959 a ahd b; Greenhow, 1950 and 1952; Manning, 1959; 
Kent, 1960; Revah and Spizzichino, 1963 and 1964; Muller ,  19683, Beginning 

from a statistical study of t h e  difference of  winds a t  two neighboring points,  

t he re  w a s  shown t h e  existence of components of t h e  wind whose period is on t h e  

. o r d e r  of several hours and whose v e r t i c a l  self-correlat ion radius  is approxi- 

mately 6 kin. 

The statist ical  description of small-scale winds produced i n  t h i s  way d id  

not allow choice of a solut ion from among several possible explanations: Green- 

how and Neufeld believed they recognized a turbulent motion, i n  s p i t e  of pro- 

p e r t i e s  ra ther  uncommon f o r  turbulence: 

cor re la t ion  with t h e  ve r t i ca l  gradient of t h e  wind [Greenhow and Neufeld, 

considerable anisotropy, absence of 

1969 a3, systematic existence of heavy shearing zones CRevah, Spizzichino, - /2p 
1963 and l964Ie Hines has shown t h a t  these small-&ale winds are b e t t e r  ex- 

plained by t h e  propagation of gravi ty  waves- In support of t h i s  argument, 

Hines refers to  r e s u l t s  of opt ica l  observations of meteors [Hines, 19601 
and ar t i f ic ia l  clouds [Hiines, 19641, showing quasi-periodic var ia t ions  of t h e  

winds as a function of a l t i t ude ,  with wavelengths on t h e  order of about twenty 

kilometers. Unfortunately, t h i s  type of experimentation hardly a l l o w s  following 

t h e  temporal var ia t ions  of t h e  wind and nothing allows affirmation t h a t  t h e  

quasi-periodic var ia t ions  observed do not belong t o  t h e  diurnal t i d e  which, as 

we have seen, has a wavelength with t h e  same order  of magnitude, 

TRe Garchy radar,  which suppl ies  a complete description of t he  var ia t ions  

0f t h e  zona8 wind, allows a more exact study of t h e  small-scale zonal winds, 

We have seen (Figures 2 and 3 )  t h a t  the spectrum of t h e  winds measured at 

Garehy causes t he  appearance of components with a period included between 2 

and 10 hours, 
e 

A deta i led  study of these components 'has formed the  subject of 

previous 

resoolt s f 

B e  

publications. We s h a l l  confine ourselves to  a summary of t h e  chief 

The Wergy spectra  of t h e  wind produced for each observation run show, 
~ *--A r. _I ,, 
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f o r  periods of from 2 t o  10 hours, a series of signif icant  maxima (Figures  

33 and 34). Each one of these maxima represents one osc i l l a t ion  whose phase 

increases l i nea r ly  with a l t i t u d e  (Figure 35) .  These o s c i l l a t i o n s  therefore 

a re  propagated l i k e  waves. Their phase veloci ty  v which can vary from 1 t o  

20 lan/hr, is almost always directed downwards. 
Q' 

It has been shown CSpigzichino 

and Revah, 1968; Revah, 19691 t h a t ,  under these conditions, it is  possible t o  

assimilate these waves t o  gravi ty  waves whose energy is propagated upwards. 

For each wave observed, it is possible t o  ca lcu la te  t h e  ve r t i ca l  wave- 

length 1 = v T (T is t h e  period). 

Bates on. 

W e  sha l l  discuss  t h i s  point more i n  d e t a i l  
# 

1 .  Energy spe@trum of t h e  wind I 

Figure 33. Spectrum of t h e  small-scale 
winds. Garchy, 14 - 16 December, 1965e 

Figure 3hS S g e c t r u m d  t h e  small- 
scale winds. 
February, 1966. 

Garchy, 22 - 24 



2. The amplitude of eacq one of these sinusoidal components var ies  as 

a function of a l t i t u d e  by a l tq rna te ly  passing through maxima and m i n i m a ,  with 

t h e  dis tance between one consBeutive m a x i m u m  and m i n i m u m  being i n  t h e  v i c i n i t y  

of X/4. 
with smaller amplitude which is propagated i n  t h e  reverse d i rec t ion  l i k e  a 

r e f l ec t ed  wave. 

This shows t h a t ,  with each wave observed, there  is associated a wave 

P 

- I  _- 

, s 1 I I 1 I I P ’  

* -I80 -100 0 P W E  00 -180 -100 0 W E :  , loo -.. ( .  . ^  (dqgriesb (degrees) 
‘ha) December, 3.965 (b) February, 1966 

3 hr. 30 mine period. 6 hr. period. 

Figure 35. Examples of var ia t ions  of t h e  phase as a 
function o f ’ a f t i t u d e  f o r  various m a x i m a  
of t h e  spectrum of small-scale windso 

22 - 2k February 1965, component of 6 hour period. 

30 minute period. 

(a) 
(b) l 4  - 16 December 1966, component of 3 hour, 

3. Once t h e  two waves which a r e  propagated i n  t h e  reverse direct ion are 

separated, it may be ascertained t h a t  t h e  one which is propagated upwards [i.e. 

whose vB  is directed downwards) shows an unexplainable anomaly, appearing f o r  

p rac t i ca l ly  a l l  components with periods less than 4 hours. 

increases  with a l t i tude .  

Their energy densi ty  

Now, theory tells u s  t h a t  gravi ty  waves such as those observed a t  Garchy 

should lose very l i t t l e  energy owing to  viscosity.  

volupe should remain constant and t h e i r  amplitude then becomes proportional 

t o  exp (z/2H). 

Their energy per u n i t  of 

ThPs r e su l t  is s i m i l a r  t o  the one which w e  used (para. 4) to  

show t h a t  the diurnal t i d e  loses energy. However, whenever t h e  amplitude of 
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diurnal  t i d e  increases more slowly than exp (2/2H), t h e  amplitude of these 

gravi ty  waves increases more swif t ly  than t h i s  quantity,  showing tha t  t h e i r  

energy increases with a l t i tude .  

4. Although t h e  spectra  of winds produced f o r  each run show, as w e  have 

seen, d i sc re t e  m a x i m a ,  t h e  m e a n  spectrum calculated f o r  t h e  aggregate of runs 

has  t h e  appearance of a continuous spectrum (Figure 36). 

cant m a x i m u m  (no ter- o r  quater-diurnal t i d e )  and decreases p rac t i ca l ly  on a 

uniform bas is  when frequency f increases? 

It shows no signifi .? 

M e a n  spectrum of small-scale 

Period (hours 1 

The decrease of the  mean spectrum S ( f )  

can be depicted qu i t e  w e l l  by a l a w  i n  t h e  

form : 

2 winds - Garchy (1965-1966) 

t 

S ( f )  oc f-(Y 

I i n  which, as can be seen i n  Figure 36: 

Q = 0.82 at 9G km a l t i t u d e  

oak? at 100 km a l t i tude .  

In  general, t h e  decrease of S(f) is 

quicker a t  t h e  lower al t i tudes.  

more appears qu i te  d i s t i n c t l y  o n - t h e  spec t ra  

This fur ther-  

' of most of t h e  &ns (Figure 37). 

Comment - It is  shown t h a t  t h e  ana- - 123 

10 

b 4  
4 . r  

0.1 0,2 . 0,3 0.4 0'5 1 
-1 lyt ic  method used acts l i k e  a low-pass 

f i l t e r  whose cutoff frequency corresponds 
Frequency (hour l a  

t o  a period of l,5 hour, W e  have taken Figure 36. M e a n  spectrum of 
winds a t  gS and 100 km calculated 
using t h e  aggregate  of the  
measurement runs of t h e  Garchy 
radar  

When frequency f increases, t h e  
spec t ra l  densi ty  decreases as 
f'o.82at 90 km andPas f-0a47 a t  
BOO h e  

account of t h e  response curve of t h i s  f i l t e r  

so as t o  correct  t h e  m e a n  spectra provided 

by Figure 36 ( t h i s  correct ion w a s  not taken 

i n t o  consideration i n  [Revah, 19693, leading 

t o  higher values of a)e However, i n  t h e  

case of periods less than 1.5 hour, t h e  

correct ion t o  be made would be too Parge f o r  it to  be able  t o  produce eigni- 

ficant results. can therefore  be s ta ted  tha t ,  at  the present stage, t h e  

Garchy radar does not recognize.,components with a period B l e s s  than 1.5 hour, - , -\- * 



Energy spectrum of t h e  E-W wind. 

Figure 37. Comparison between the  spectra  of winds observed 
a t  Garchy i n  December 1965, February and April 
1966, a t  92 and 100 km i n  a l t i tude .  

These examples show tha t ,  a t  high a l t i t udes ,  t he  
spectrum of t h e  winds is extended f u r t h e r  towards 
t h e  high frequencies, 

- 

Vertical wavelenath of a rav i tv  waves. 
-~ - ~ 

W e  sha l l  supplement t h e  report  of these propert ies  - whose de ta i led  

descr ipt ion w i l l  be found by t h e  reader i n  [Revah, 19693, by the  r e s u l t s  of a 

more recent study on the  wavelengths of observed osc i l la t ions .  

It is now clear t h a t  t h e  two-dimensional Fourier ana ly t ic  method, already 

applied by us to t h e  diurnal t i d e ,  can be advantageously used f o r  t h e  study of 

gravi ty  waves, 

Indeed, whenever the  wind r e s u l t s  from t h e  superposition of several  wavy 

components, it may be shown t h a t  t h e  two-dimensional spectrum S(f, k) should 

reveal as many d i s t i n c t  m a x i m a .  A n  e r ro r  calculat ion shows t h a t  t he  separation 

of t h e  wavy components produced i n  t h i s  way is b e t t e r  than t h e  one supplied by 

a spectrum with only one dimension. 

should cause t h e  appearance of a grea te r  number of components i n  a s igni f icant  

manner. This is indeed confirmed by experience, The experimentally produced 

two-dimensional spectra  always have several d i s t i p c t  m a x i m a  (one example is 

provided by Figurd38) .  

are b e t t e r  adapted t o  a statist ical  study. 

This m e a n s  t h a t  t h e  two-dimensional spectrum 

The more numerous gravi ty  waves revealed i n  t h i s  way 

I 

Figure 39 recapi tu la tes  t h e  cha rac t e r i s t i c s  of a l l  wavy components ob- 

served by t h e  Garchy radar  being propagated downward, 

depicted by a circle whose rad ius  increases with the'amplitude of t h i s  com- , 

Each one of them is 
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' ponent. Its period is plotted a s ' t h e  
0 DO ¶a 

abscissa and its ve r t i ca l  wavelength as 

t h e  ordinate. 

t he  circles corresponding t o  t h e  semi- 

diurnal t i d e  (period: 12 hours), t o  t h e  

diurnal t i d e  (period > 12 hours), and t o  

the  gravi ty  waves (period < 12 hours). 

This f igure  shows tha t :  

The reader w i l l  recognize I 
1 
f 

September 1966 

1, Most gravi ty  waves observed have 

a wavelength included between 15 and 30 

Figure 38. Two-dimensional spectrum - km. 
S (f ,  k) of *the small-scale winds 
observed at Garchy from 13-15 2. W e  have seen i n  paragraph 4.B - 

and confirmed by Figure 39 - t ha t ,  pro- 

vided an exception is made of s o m e  com- 

September 1966. 
The kurves S(f, k) = constant are 
plot ted on a diagram i n  which fre- 
quency f appears as the  abscissa  and 
t h e  wave number k as t h e  ordinateo 
The spectrum S( f ,  k) has several 

ponents with a great wavelength and 

period exactly equal t o  24 hours (which 

s i g n i f i c a n t  m a x i m a ,  Each one of them could depict  a loca l ly  energized di- - /a 
urnal t i d e ) ,  t h e  diurnal t i d e  most of ten  therefore  represents a wave, with a 

given frequency and wavel ength. The 
values of S are plot ted with an ar- appears as a wave whose wavelength 
b i t r a r y  scale, var ies  around 20 km. It can therefore  

be seen t h a t  t he  t i d e  and gravi ty  waves have wavelengths with t h e  same order of 

magnitude, 

Let  us note t h a t  these  results f ind  t h e i r  confirmation i n  most of t h e  anasy- 

sis of wind prof i les  produced beginning from luminescent cloudso Qmasi-sinu- 

soidaf f luc tua t ions  of t he  wind appear as a function of a l t i t ude ,  with wave- 

lengths of PO t o  30 h which researchers a t t r i b u t e  sometimes to gravi ty  waves 

[Hines, 196.&; Kochanski, 1964 and 19663, sometimed t o  t h e  diurnal t i d e  [Hines, 

19663, and sometimes to t h e  semidiurnal t i d e  [Rosenberg and Justus,  196611* 

These r e s u l t s  a?e i n  no way incompatible with the  theory of gravi ty  waveso 

Let  us recall t h a t  t h i s  theory only allows predicting between what l i m i t s  ought 

t o  include the  period and wavelengeh of t h e  waves which can arrive at each 

a l t i t u d e  without being e i the r  r e f l ec t ed  or absorbed [Hines, l960r Hinea and 

Pitteway, 1965; PPtteway and Hines, 19633, Within these l i m i t s ,  t h e  thesry 

'' ' " 



nei ther  allows specifying the  exact form of t h e  spectrum nor t h e  e f fec t ive ly  

observed values of the  wavelength, t h e  former being a function of t he  manner i n  

Which these waves are energized. 
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PPgure 39* Frequency and wavelength of t h e  d i f fe ren t  components 
of t h e  wind observed a t  Garchy, from November 1965 
t o  September 1966. 

generally ass imi la t ib le  t o  a wave with given ve r t i ca l  
wavelength (paragraph 3 1 whereas t h e  diurnal t i d e  
(paragraph kB) and small-scale winds (paragraph 5) 
may be reduced t o  a superposition of such waveso 
f igu re  recapi tu la tes  t h e  aggregate of t h e  waves ob- 
served at  Garchy during the  nine observation runs, 
Each one of them is depicted by a circle whose dia- 
meter is a function of its amplitude and whose abscissa 
and ordinate  depict  t he  frequency and vertical wave 
numbero 

diurnal t i de ,  with great  wavelength, form a r a the r  
c lose ly  grouped family whereas the re  is no clear 
discont inui ty  among those depicting the diurnal  t i d e  

' sand those depicting t h e  gravi ty  waveso 

It has been noted t h a t  t h e  semidiurnal t i d e  is 

This 

may be seen t h a t  t h e  circles depicting t h e  semi- 



Figure 40 shows t h a t  t h e  cha rac t e r i s t i c s  of t h e  waves observed by t h e  

Garchy radar  are included within the  l i m i t s  predicted by t h e  theory. 

l a t te r  is hence compatible with t h e  propert ies  l i s t e d  above, but alone does 

The 

not 'suffice t o  explain any of these properties. 

Hoi-izontal wavelength (km) 
y o 0  100 1 

Garchy - 
BbsePvat$ons 

Figure 40. Character is t ics  of t h e  gravi ty  waves observed a t  
. Garchy: comparison with theory. 

On t h i s  diagram i n  which the  lengths of t h e  horizontal  
and ve r t i ca l  wave are plot ted respect ively as abscissas  
and ordinates  and i n  which the  curves with constant 
curve are plotted,  t he re  has been depicted: 

on one hand, t h e  f i e l d  occupied by the  gravi ty  
waves observed a t  Garchy, 

on the  o ther  hand, t h e  "allowed f i e ld , "  i n  which,. 
according t o  Hines C19601, the  waves can be propagated 
up t o  90 km of a l t i t u d e  without being e i t h e r  re f lec ted  
or  damped by viscosity.  

The second f i e l d  is much more extensive than t h e  
first one: 
waves are compatible with t h e  theory, but t h e  latter 
does riot suffice fo ,axplain them. 

t h e  cha rac t e r i s t i c s  of observed gravi ty  

I _  

- 5  1 ., .- " . -" - 
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VI. I n t u i t i v e  Explanation of Some Propert ies  of Winds 

The preceding study shows t h a t  t he  conventional theory of propagation of 

atmospheric waves leaves unexplained several propert ies  of t i d e s  and gravi ty  

waves. W e  sha l l  see, i n  t h e  following discussions, t h a t  most of these propert ies  /25 

can be explained by non-linear in te rac t ions  between the  d i f fe ren t  components of 

t h e  wind. Before s t a r t i n g  the  theore t ica l  study of these interact ions,  w e  sha l l  

t r y  t o  give them an i n t u i t i v e  description. 

- 

L e t  us first of a l l  examine t h e  propert ies  of t h e  diurnal t ide .  The non- 

uniform var ia t ions  of i ts  phase and amplitude above 80 km cannot be expiained by 

a non-uniform energization of t h i s  t ide.  

so l a r  heating are reproduced iden t i ca l ly  each day and would be i n  no posi t ion to 

Indeed, t h e  diurnal var ia t ions of t h e  

account f o r  var ia t ions i n  phase reaching 180O observed i n  t h e  case of t h e  diurnal  

t i d e  ,at high a l t i tude .  W e  know, furthermore, t h a t  at  a l t i t u d e s  of 30 t o  60 lkm, 
c loser  to t h e  region i n  which t h e  diurnal o s c i l l a t i o n  is energized, i ts  phase is 

ra the r  s t ab le  (paragraph kc) .  
uniform var ia t ions  of t h e  diurnal t i d e  by phenomena becoming a f ac to r  during its 

propagation, between t h e  Bevel a t  which t h e  t ide.  is energized and t h e  a l t i t u d e  

in te rva l  80 - 110 h i n  which it is observed, 

It is therefore  necessary to explain the  Don- 

W e  should.therefore understand why t h e  cha rac t e r i s t i c s  of t h e  diurnal t i d e  

undergo non-uniform var ia t ions  during i ts  propagation whereas those of t h e  semi- 

diurnal t i d e  remain s table ,  

based on some simple examples, 

Figure 41 shows an i n t u i t i v e  explanation of t h i s  

Figure 4Ba shows these two t i d e s  being propagated i n  an undisturbed atmos- 

The var ia t ions of t he  wind are depicted as a function of t i m e  and a l t i -  phere. 

tude (pos i t ive  wind i n  t h e  shaded sones, negative i n  t h e  unshaded aqnes), 

order to take in to  account, diagpmmaticaXley, t h e  difference i n  order of magni- 

tude between t h e  wavelengths of these  two t ides ,  they have been depicted as 

being propagated with a constant wavelength, '20 km for t he  diurnal t i d e  and PCK) 

km f o r  t h e  semidiurnal t ide.  

In 

Figure k1b depicts  t h e  same t i d e s  i n  an atmosphere disturbed by t h e  presence 

of a constant vertical wind, 

t h e  effect of modifying the frequency of oscillations observed at  LO specified 

altitudee Although,, fn'this figure, t he re  was awarded to t h e  verkictpl wind a 

The aggregate vertical s h i f t  of t h e  atmosphere has 
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Figure 41. Diagramatic representation 
of a semidiurnal t i d e  with a 100 km 
wavelength and a diurnal t i d e  with a 
20 km wavelength: 

(a) i n  an undisturbed atmosphere? 

(b) 
continuous ve r t i ca l  motion, a t  a velo- . 
c i t y  of O,I m s - 1 9  

ve r t i ca l  o s c i l l a t i n g  motion (amplitudes 
2 m/s, period: 4 hours), 

period of t h e  diurnal t i d e  i s  grea t ly  
modified ( i t  becomes equal at 17 hours). 
Hn case (e), t h e  t i d e  has yielded a  pa^ 
of its energy to a Rorizontal oscillae- 
ing motion. In both cases, t h e  semi- 
diurnal  t i d e  lhaa hardly been diskurbede 

i n  an atmosphere actuated by a 

(c) i n  an atmosphere actuated by a 

In case (b), it is seen t h a t  t h e  

very low value (0.1 m / s ) ,  t h e  period 

of t h e  diurnal t i d e  thus observed is 

grea t ly  modified (on t h e  order of 17 , 

hours), without i ts  ve r t i ca l  wave- 

length being changed. Thus, t he re  is 

a simple explanation -for the  osc i l l a -  

t i o n s  with periods i n  t he  v i c i n i t y  of 

24 hours and a wavelength of 20 to 30 
Ikm observed a t  Garchy. 

depict  a diurnal t i d e  disturbed by a 

prevail ing ve r t i ca l  wind. The pre- 

sence of a m e a n  ve r t i ca l  wind of 0.i 

m/s is i n  no way unreasonable s ince it 

is horn t h a t  t h e  instantaneous ver- 

t ical  wind can reach 2 t o  10 m / s  

[Edwakds et a l o O  i9633. 
mental data is presently avai lable  on 

t h e  m e a n  value of t h i s  ve r t i ca l  wind, 

The observations of t h e  Garchy radar  

therefore  suggest, ind i rec t ly ,  an order  

of magnitude of 0.1 m / s  which would 

take i n t o  account values of t h e  period 

of observed Waves. This order of mag- 

ni tude cannot be exceeded i n  a l l  cases, 

These probably 

- 

No experi- 

- -~~ ~ 

or else the  diurnal o sc i l l a t ion ,  whose 

period observed from t h e  ground could 

assume any value whatever, could never 

have been detected. 

On t h e  o ther  hand, it can be seen 

from Figure 4 lb  t h a t  t h e  semidiurnal 

t i d e  PS9 on t h e  contrary, only s l i g h t l y  

disturbed, 

r ,  

Its period has hardly varied 



(11 hours 30 minutes instead of 12 hours), t h e  corresponding phase s h i f t  from 

one period t o  t h e  other,  hardly detectable (approximately 15'1, is on t h e  

order of magnitude of t h e  phase f luctuat ion observed for t h e  semidiurnal t i d e  

(Figure 5). 
least as an upper l i m i t  of t h e  m e a n  ver t ica l  wind. 

This appears t o  confirm t h e  order of magnitude of 0.1 m / s ,  a t  

What w e  have j u s t  s t a t ed  f o r  a constant ve r t i ca l  wind can a l so  be applied 

t o  other  ve r t i ca l  motions. 

of t h e  atmosphere is actuated by a ver t i ca l  o sc i l l a t ing  motion, 

t h e  case if t h e  atmosphere w e r e  disturbed by a gravi ty  wave with a very long 

ve r t i ca l  wavelength (its amplitude w a s  assumed t o  be 2 m / s  which i s  reasonable 

[Edwards et  al., 19633, and a l p  hour period). The f igure shows t h a t  t he  horizon- 

ta l  wind measured a t  a specif ied a t l t i t u d e  then has periodic var ia t ions  whose: 

/26 
In  Figure 41c, it w a s  assumed t h a t  t h e  aggregate 

This would be 

-1 

period is  very c lose  t o  t h e  one f o r  t h e  ve r t i ca l  o sc i l l a t ing  motion; 

wavelength is t h e  same 4s t h e  one f o r  the  t i d e  ( t h i s  law is  only approximate 

i f  t h e  ve r t i ca l  o sc i l l a t ion  has a l a r g e  but not i n f i n i t e  wavelength). 

It w i l l  be convenient, i n  t h e  following, t o  term "primary osc i l la t ion"  t h e  

ve r t i ca l  o sc i l l a t ion  a f fec t ing  t h e  atmosphere and "secondary osc i l la t ion"  t h e  

horizontal  f luctuat ion of t h e  wind measured a t  a specif ied a l t i t ude ,  "he sec- 

oddary osc i l la t ion ,  a r i s i n g  from in te rac t ion  between t h e  primary osc i l l a t ion  and 

t h e  t i de ,  has an amplitude proportional %o t h a t  of t h e  t ide.  

Batter is strong enough, t h e  amplitude of t h e  secondary wave can exceed any value 

given i n  advance, and more pa r t i cu la r ly  be greater than t h a t  of t h e  primary os- 

c i l l a t ion .  

t h e  t i d e s ,  i.eo, i n  t h e  last  analysis ,  by so la r  heating. 

Provided t h a t  t h e  , 

The atmosphere behaves l i k e  an amplif ier  whose energy is supplied by 

It can be ascertained from Figure h c  (and it can be eas i ly  confirmed) tha t ,  

i n ' t he  case of a same primary osc i l l a t ion ,  t he  diurnal t i d e  gives rise t o  sec- 

ondary osc i l l a t ions  which are much stronger than t h e  semidiurnal t i de ,  

see in Part  PV t h a t  every gravi ty  wave being propagated i n  a region of strong 

diurnal t i d e  ( i .eog at  t h e  Power l a t i t udes )  can give rise i n  t h i s  way t o  a 

secondary wave which is then propagated beyond t h e  region from which it aroseg 

Pt is t hus  p s e i b l e  to explain t h e  presence a t  108 km of a l t i t u d e  of waves 

. . with various periods having wavelengths of. the same order  AS for t h e  diurnal 

W e  s h a l l  
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t i d e  as w e  have seen i n  paragraph 5.  

t i d e  i s  propagated with l o s s  of energy (paragraph 4). 

Thi8 can a l so  explain how t h e  diurnal 

In  t h i s  way, a very simple i n t u i t i v e  display has shown us t ha t  several  

propert ies  of t h e  diurnal t i d e  and gravi ty  waves which appeared inexplicable 

have, on t h e  contrary, an obvious explanation i f  allowance is made f o r  t h e  

existence of in te rac t ions  between various components of t h e  wind (between t h e  

diurnal t i d e  and a ve r t i ca l  wind, between the  diurnal t ide  and gravi ty  waves). 

In t h e  following chapters, w e  are going t o  t r y ,  beginning from a more de ta i led  

study of these interact ions,  t o  explain a l l  the  propert ies  of t h e  gravi ty  waves 

observed a% Garchy. 

Manuscript received 5 May 1969, 



Annex 

Dates of wind observations 

16-17 November 1965. . 

14-16 December 1965, 

8-10 June 1966 (designated June I in  text). 

21-24 June 1966 (designated June II in  text). 

22-24 February 1966, 19-22 JUPY 1966, 

29 March - 1 April 3966. 13-15 September 1966. ?-’ 
~ .:& 

27-28 April 1966. 
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